Chickenpox is a highly contagious airborne disease caused by Varicella zoster, which affects nearly all non-immune children worldwide with an annual incidence estimated at 80-90 million cases. To analyze the spatiotemporal pattern of the chickenpox incidence in the city of Valencia, Spain two complementary statistical approaches were used. First, we evaluated the existence of clusters and spatio-temporal interaction; secondly, we used this information to find the locations of the spatio-temporal clusters via the space-time permutation model. The first method used detects any aggregation in our data but does not provide the spatial and temporal information. The second method gives the locations, areas and time-frame for the spatio-temporal clusters. An overall decreasing time trend, a pronounced 12-monthly periodicity and two complementary periods were observed. Several areas with high incidence, surrounding the center of the city were identified. The existence of aggregation in time and space was observed, and a number of spatio-temporal clusters were located.
Introduction
The Varicella zoster virus causes two different clinical forms: i) chickenpox (varicella), a primary infection characterized by a generalised rash; and ii) herpes zoster, a commonly painful reactivation of latent V. zoster virus infection, affecting limited areas of the body. Chickenpox is a highly contagious airborne disease that spreads easily through coughing or sneezing of infected individuals or through direct contact with secretions from rashes. Varicella affects nearly all nonimmune children worldwide with an annual incidence estimated at 80-90 million cases. Over 90% of the cases occur during the first 15 years of life. In 2005, varicella vaccination was introduced in Spain through a national program for 10-14 years old non-immune persons (Peña Rey et al., 2009) .
Varicella is characterized by fever and vesicular-papular skin eruptions. It causes relatively rare complications, mainly associated with immunocompetent children. However, when varicella affects teenagers or adults the symptomatology may be less benign, commonly with severe, clinical, respiratory, neurological and/or cardiac complications in immunocompromised patients. In temperate countries, most people become infected before adulthood and 10% of young adults remain susceptible. The incubation period ranges between 2 and 3 weeks, usually 13 to 17 days. Susceptible people should be considered infectious 10 to 21 days after infection is over. Infection gives extended immunity. There are two types of cases, suspicious/probable and confirmed cases. The suspicious cases correspond to the disease clinically consistent. The confirmed case has to meet the clinical case definition criterions or has to be confirmed by a medical laboratory.
Vaccination, the most effective measure of prevention, was introduced in the Valencian Community for all children at age 11, provided that they have not suffered the disease or been vaccinated against chickenpox previously. In 2012, the incidence rate of chickenpox in this community was 291.41 cases per 100,000 inhabitants.
The transmission of infection can be prevented by isolating the infected patient. The exclusion of the children from school has to be for at least 5 days after the rash appears or until vesicles become dry. Strict isolation in hospitals is essential to prevent severe infection of immunocompromised patients.
Several varicella studies concerning the epidemiology of V. zoster virus infection have been done in various parts of the world (Brisson et al., 2001) . Some regard the management of varicella vaccination programs (Peña Rey et al., 2009; Ozaki, 2013) , while others have focused on the impact of varicella vaccination (Al-Tawfiq et al., 2013; Gil-Prieto et al., 2014) . Space-time methodology has been increasingly used over the last years (e.g. Diggle et al., 2005; Gabriel and Diggle, 2009; Diggle, 2014) .
The aim of this paper is to detect spatio-temporal interaction and locate spatio-temporal clusters. In order to do this, we used two com-N o n c o m m e r c i a l u s e o n l y plementary statistical approaches: one described by Gabriel and Diggle (2009) and applied by Gabriel et al. (2010) , and a second one proposed by Kulldorff (2010) . We analysed the spatial and temporal component of our data separately, using the methodology from Diggle (2014) , after which we assessed for spatio-temporal clustering. Following this, we used the space-time permutation model (Kulldorff, 2010) to find spacetime clusters based on information provided by the previous analysis. Thus, the first method helped us to detect the existence of aggregation in our data, while the second gave us the spatial location and the time periods when the clusters were observed.
Materials and Methods
We used a sample of weekly chickenpox cases that were collected over a 5-year period in the city of Valencia, the third most populated city in Spain and located on the Mediterranean coast (39º28'0"N, 0º22'30"W). The study region consists of a central area of Valencia where the average age of the population is high, 43.4 years, and a peripheral area around the center of the city where the average age is lower, 40.9 years. Figure 1 shows all the districts of Valencia, the center of which consists of districts 1, 2 and 3.
The cases were defined as infections with sudden onset, moderate fever, minimum general symptoms and maculopapular skin rash for a few hours transforming into vesicles over the next 3 or 4 days leaving granular crusts (Servicio de Vigilancia y Control Epidemiológico, 2007). Laboratory-confirmed patients (positive for varicella) can either be identified as varicella or as herpes zoster cases. All suspicious/probable or confirmed cases of the latter were excluded from the study.
Temporal analysis
The pattern of weekly counts showed a marked annual periodicity. Therefore, an exploratory analysis of the evolution over time was carried out by fitting a harmonic regression, which models the logarithm of the intensity by means of the following equation:
eq. 1 where y (t) is the temporal intensity, ak and bk are the parameters of the regression, g is the overall trend, and T is the number of temporal units considered.
Spatial analysis
We investigated large-scale variation in risk using a non-parametric estimation method proposed by Diggle et al. (2005) . They developed a non-parametric method to confront spatial segregation in a multivariate point process. As suggested by the authors we used their methodology for case-control data. Cases and controls are considered as partial realizations of spatially inhomogeneous Poisson point processes with intensities lcases(s) and lcontrols(s) and where s=(x,y) indicates the spatial location. Using the equation:
eq. 2 we expressed the relative risk at the location s. We estimated the relative risk from the data using non-parametric binary regression. Monte Carlo methods were used to test the null hypothesis of constant spatial risk as H0: p(s)=a, where a can be estimated by, υ representing the number of cases and h0 the number of controls. Hence, we used the following statistic test:
eq. 3
where the P value of the test is obtained by randomly relabelling cases and controls to generate a null distribution of Ts.
Space-time analysis
For the space-time analysis, X=((si,ti), i=1,2,…) denotes a point process, where si OE R 2 is the spatial location of the i th event, and ti OE R + is the time of occurrence. The study region is l=S¥T, where S is a planar region and T a time interval, both S and T are bounded and Y(l) denotes the number of events in the region l. The process is orderly (multiple coincident events cannot occur). The space-time intensity function is given by the equation:
where ds×dt defines a small region around the point (s,t) and |ds×dt| its volume.
The second-order intensity function is defined as:
eq. 5
and the pair correlation function as:
eq. 6
Second-order stationarity is achieved if the first-order and the second-order properties are invariant under translation. Baddeley et al. (2010) defines a weaker form of stationarity for spatial point processes called second-order intensity-reweighted stationarity. This allows for non-constant intensity, which is required to be bounded away from zero assuming the pair correlation function to be invariant under translation. A spatio-temporal point process is second-order intensity reweighted stationary and isotropic if its intensity function is bounded away from zero and its pair correlation function depends only on the spatiotemporal difference vector (υ, ν), where υ = ||s-s'|| and ν = |t-t'|.
A similarA similar concept to the spatial K-function (Ripley, 1981) can be defined for a second-order intensity reweighted stationary and isotropic, spatio-temporal point process, the space-time inhomogeneous K-function (STIK function), i.e.:
eq. 7 where g (υ, ν) = , υ = ||s-s'|| and ν = |t-t'|. The STIK function characterizes the second-order properties of a second-order intensity reweighted stationary spatio-temporal point process and can be used to test for space-time clustering and spacetime interaction by comparing the estimation of the STIK function with estimations calculated under the suitable null hypothesis. For a Poisson process . Values of indicate clustering at spatial and temporal separations less than υ and ν, while values of indicate regularity. We can also use the space-time inhomogeneous K-function to measures interaction because in absence of interaction, is constant (1 for a Poisson process).
To estimate the STIK function, Gabriel and Diggle (2009) propose an approximately unbiased estimator eq. 8
where S¥T represents the spatio-temporal region with S as an arbitrary polygon and T=[T0, T1], (si, ti) are ordered so that ti<ti+1. For each n, ut denotes the number of events for which ti£T1 -n and Wij and is the proportion of the circle centered on si and passing through sj, i.e. of radius uij = ||si -sj||, that lies inside S.
For the estimation of the intensity l, the assumption that first-order effects are separable, l (s,t) = m (s) y (t), for all (s,t) ∈ S×T, is made. Estimations of m(s) and Y (t) depend on the attributes of each problem. For the space-time clustering, simulations of an inhomogeneous Poisson process with intensity l = m (s) y (t) are compared with the data. For the space-time interaction hypothesis, the data is compared with simulations obtained by randomly relabelling the spatial locations si, holding the times ti fixed.
The spatio-temporal inhomogeneous K-function measures the distribution of pairs of cases that occur less than or equal to h metres of distance and t days apart. A complementary method is the space-time permutation model defined by Kulldorff (2010) . This method gives us the tools to locate spatial and temporal areas with high incidence (clusters). It compares the number of observed cases in a cluster to the expected number of cases under the hypothesis of no space-time interaction. In other words, a geographical area is considered a cluster if the number of cases, during a specific time period, is higher than the number of cases of all remaining areas. This method cannot be used to find purely temporal and purely spatial clusters. It does not allow for population adjustment, that is, some areas with a higher population increase (or decrease) during the time-period, can lead to artificial clusters due to population shift rather than a disease outbreak. As our data is a realization of a five-year process, this problem is not present. The two methods are complementary to the extent that the first one detects aggregations and their spatial-temporal dimension, while the second one gives the geographical locations of the aggregations.
Results
In our study we considered both suspicious and confirmed chickenpox cases collected from the first week of 2008 to the last week of 2012 representing residents in Valencia with varicella. The data had been gathered by the General Direction of Public Health, Epidemiological Area, Vigilance Service and Epidemiological Control, Generalitat Valenciana. The majority of the population and cases of varicella were registered in districts 1 to 16, the remaining districts, 17 to 19, have been eliminated from the study because they are districts with very low population and far from the urban core. The number of cases registered in these districts represent only 2% of the total. Table 1 displays the evolution of the total population, the population under 15 years and the number of cases in the region study from 2008 to 2011. Due to low variation between the population of each year we choose as reference 2010, with a number of 769,011 inhabitants.
A total of 10,293 cases were registered. Table 2 gives us information about the percentage of population by age group living in the central area of the city in comparison with those living in the periphery. We can see that for the first two age groups the percentage of population is higher in the periphery than in the central urban area. Figure 2A shows the cumulative number of cases over the 260 weeks. We observed a decreasing trend in the incidence over the 5-year period studied. Figure 2B displays the distribution of cases according to group of age and sex, and shows no significant difference between males and females. The age distribution presents two high peaks, which confirms that chickenpox is primarily a disease of children. Figure 3 shows the spatial distribution of varicella cases over the study region, for each year.
Temporal analysis
Using the harmonic regression given in equation 1, the best results were obtained for n=5 and m=2 (see equation 2) indicating a pronounced 12-month periodicity and two complementary periods, one from winter to spring and a second one in summer, as we can see in Figure 4 .
eq. 9 Table 3 shows the regression parameters, standard errors and 95% confidence intervals. Every year, most likely due to school contact, the number of varicella cases starts to increase in October and reaches a maximum in spring. The fitted incidence is lowest in August most than likely due to summer holidays. The overall incidence has a decreasing trend over the five-year period; the slope of the fitted trend has the value of -0.14. This decreasing trend can be explained by the vaccination calendar of the Valencian Community, which was modified in February of 2006 when the varicella vaccination was introduced for 11-years-old non-immune children.
Article

Spatial clustering
The study region consists of a central area, where the average age of the population is high and a peripheral area around the center of the city where the average age is lower. Table 2 shows the population in 2010 with the center of Valencia less populated than the rest of the city, which means that, in addition to the low average age, there are more susceptible persons living in the peripheral area. To test the hypothesis that the incidence is proportional to population density we considered a sample of controls. To select the controls we used the Population Census from January 1 of 2010 (Statistics Office of Valencia Local Council, 2010). We selected n0=4n controls randomly sampled from the population at risk, where n represents the total number of cases. We tested for spatial clustering for each year separately and for all 5 years jointly. Table 4 indicates that the hypothesis of constant risk was rejected both for every year and for the 5-year study period (P<0.05), confirming that varicella incidence is not proportional to the population density. Figure 5 shows local P values associated with the hypothesis Article [Geospatial Health 2015; 10:341] [page 57] Darker areas correspond to value <0.025 and show significantly higher spatial incidence than average. We identified several areas with significant elevation in the number of cases relative to the number of controls, surrounding the center of the city. In the South of Valencia, areas with significantly high incidence correspond to neighbourhoods with a high concentration of lower-middle class population, which often do not meet with the vaccination schedules. These areas also have low density population and high number of cases. Figure 5 shows some areas east of Valencia that had high risk of varicella in 2011. These areas matches with a neighbourhood that has the same characteristics concerning the population as those in the south of the city. 
Space-time analysis
The values of the STIK function calculated for the data , and simulations under two null hypotheses are compared. First hypothesis of no spatio-temporal clustering ( Figure 6A ) and a second one of no spatio-temporal interaction ( Figure 6B ). The grey shading in Figure  6A demarcates those values of (υ, ν) for which the estimation of kst (υ, ν) lies above the 95 th percentile of estimates calculated from 500 simulations of an inhomogeneous Poisson process. This indicates spatiotemporal clustering to a distance up to 500 m and a time-lag of 10 weeks, and it also suggests the existence of spatio-temporal clustering for distances from 500 m to 1 km and a time-lag between 3 and 10 weeks.
For the second null hypothesis, concerning the spatio-temporal interaction we compared the values of the STIK function with the tolerance envelopes calculated by randomly relabelling the locations holding the times fixed. The black shading in Figure 6B corresponds to the comparison statistic . This indicates spatio-temporal interaction at distances up to 500 m and time-lags up to 10 weeks and also at distances from 500 m to 1 km and time-lags up to 3 weeks.
These finding are consistent with the opinion of the epidemiologists that varicella cases are close in space, because of the highly contagious factor, and that temporal clustering could be found at time-lags higher than 4 weeks.
Clustering localization
Using the information provided by the previous method we ran a retrospective space-time analysis scanning for clusters with high rates using the StatScan method (Kulldorff, 2010) . Weekly cases were analysed, from the first week of 2008 to the last week of 2012, giving a total of 260 weeks. We identified each case by its geographical location within the study area, the city of Valencia.
The previous analysis gave us the information that spatio-temporal clusters can be found at distances up to 1 km and time lags up to 10 weeks. Thus, we considered maximum spatial cluster size 25% of the population at risk, a circle with one kilometre radius, maximum temporal cluster size of 10 weeks and performed a standard Monte Carlo with 999 replications. There were a total of 19 significant clusters identified by the scan statistic having P<0.05. On average, 3 clusters were detected each year. The average cluster radius is 0.57 km, with a maximum of 0.98 km and a minimum of 0.054 km. The smallest cluster was registered in the West of the city of Valencia beginning in March of 2009 (lasts for 8 weeks) and encompassing an area with radius of 0.054 km. The largest cluster is 8 weeks long (begins in March of 2011), was located in the East of the city encompassing an area with radio of 0.98 km (extends outside the city). The average duration of the clusters was approximately 7 weeks, with a minimum of 2 weeks and a maximum of 9 weeks. Figure 7 shows six most likely space-time clusters identified using the scan method. The most likely cluster (the main cluster) has a radius of 0.54 km and a time frame of 9 weeks, from week 148 to week 157, corresponding to the end of 2010 (November and December). There were 99 observed cases in this cluster area during the time frame window, compared to the expected 20.28 resulting a 4.88 ratio. Clustering across years showed consistent patterns, the spatial locations surrounding the center of the city. Both spatio-temporal clusters 
Discussion
We examined temporal, spatial and spatio-temporal methods for the distribution of the incidence of varicella cases in Valencia, Spain. We found that varicella data has a decreasing temporal trend, a pronounced 12-month periodicity and two complementary periods. Several areas with a significant increment in the number of cases surrounding the center of the city were observed and space-time aggregation for distances of up to 1 km and a time-lag of up to 10 weeks was established. We observed space-time interaction and localized space-time clusters using the SatScan software.
According to the opinion held by epidemiologists, the core transmission of the chickenpox virus could be represented by the schools. In Valencia there is often a correspondence between home and school, since when applying for both public and subsidised schools, the assignment is mainly by residence. Most private schools, including bilingual ones, are located on the outskirts of Valencia (except for the German school), so they are not included in the geographic area of our study. From 2006 From -2008 From to 2013 , the Autonomous Communities of Madrid and Navarra and the cities of Ceuta and Melilla established universal childhood vaccination from 12 to 15 months of age. This pattern of vaccination was also recommended by the Spanish Association of Pediatrics, so many parents throughout the study period (2008) (2009) (2010) (2011) (2012) purchased the vaccine on their own and had their children vaccinated at that age, especially in families with a medium or medium-high cultural and socioeconomic status. The areas where we identified spatiotemporal clusters correspond to areas in the city of Valencia where the population is economically disadvantaged or perhaps less educated and less aware of vaccination schedules. 
Conclusions
This paper represents a starting point for our future work and exemplifies an exploratory analysis of a space-time point pattern. Empirical and mechanistic models will be considered to continue this work.
